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All lepidopteran baculovirus genomes sequenced to date encode a homolog of the Bombyx mori nucleopolyhedrovirus
(BmNPV) orf68 gene, suggesting that it performs an important role in the virus life cycle. In this article we describe the
characterization of BmNPV orf68 gene. Northern and Western analyses demonstrated that orf68 gene was expressed as a
late gene and encoded a structural protein of budded virus (BV). Immunohistochemical analysis by confocal microscopy
showed that ORF68 protein was localized mainly in the nucleus of infected cells. To examine the function of orf68 gene, we
constructed orf68 deletion mutant (BmD68) and characterized it in BmN cells and larvae of B. mori. BV production was
delayed in BmD68-infected cells. The larval bioassays also demonstrated that deletion of orf68 did not reduce the infectivity,
but mutant virus took 70 h longer to kill the host than wild-type BmNPV. In addition, dot-blot analysis showed viral DNA
accumulated more slowly in mutant infected cells. Further examination suggested that BmD68 was less efficient in entry andal att
cell-toINTRODUCTION
The Baculoviridae is a diverse family of pathogens that
are infectious for arthropods, particularly insects of the
order Lepidoptera. Nucleopolyhedroviruses (NPVs), a
genus of Baculoviridae, contain a large circular and dou-
ble-stranded DNA genome within rod-shaped virion.
Baculoviruses produce two types of virions during a
single infection cycle for efficient viral replication within
infected insects and for spread from insect to insect
throughout the population. The occlusion-derived virus
(ODV) transmits infection from insect to insect, whereas
the budded virus (BV) spreads infection to neighboring
cells (Keddie et al., 1989).
BV enters cells by an endocytic pathway. The major
envelope glycoprotein of Autographa californica NPV
(AcNPV), GP64, is essential for functional entry of BV
(Hefferon et al., 1999). In addition, GP64 is required for
the spread of infection to other cells and for the virus to
exit from an infected cell (Monsma et al., 1996; Oomens
and Blissard, 1999). Despite this, there are only three
baculoviruses, AcNPV, Bombyx mori NPV (BmNPV), and
Orgyia pseudotsugata NPV (OpNPV), that contain GP64
among the all baculovirus genomes sequenced so far
(Ayres et al., 1994; Ahrens et al., 1997; Gomi et al., 1999).
It appears that baculoviruses lacking GP64 contain a
different envelope fusion protein that serves the same
1function as GP64. LD130 of Lymantria dispar NPV (Ld-
NPV) and Se8 of Spodoptera exigua NPV (SeNPV) were
found to have the properties as GP64 in cell–cell fusion
and infection (Ijkel et al., 2000; Pearson et al., 2000).
After BV enters cells, the release of nucleocapsids into
the cytoplasm induces the formation of thick actin cables
that are thought to facilitate transport of nucleocapsids to
the nucleus (Charlton and Volkman, 1993; Lanier and
Volkman, 1998). These actin cables are detected only
transiently from 1 to 4 h postinfection, suggesting that
nucleocapsids are transported to and enter the nucleus
during this time (Charlton and Volkman, 1991). However,
the mechanism of how newly assembled nucleocapsids
are transported from the nucleus to the plasma mem-
brane where budding occurs has yet to be determined.
BmNPV is one of the well-characterized baculoviruses
and has also been used for the expression of foreign
genes in Bombyx mori cells and larvae (Maeda, 1989a).
Recently, the complete nucleotide sequence of BmNPV
genome was determined. The DNA genome is 128,413
bp and potentially encodes 136 genes (Gomi et al., 1999).
In addition, the complete sequences of 10 baculovirus
genomes, 9 baculoviruses pathogenic for lepidopteran
insects, and 1 baculovirus of dipteran order have been
reported (Ayres et al., 1994; Ahrens et al., 1997; Kuzio et
al., 1999; Ijkel et al., 1999; Hayakawa et al., 1999; Hashi-
moto et al., 2000; Chen et al., 2001; Luque et al., 2001;
Pang et al., 2001; Afonso et al., 2001). It was also reported
that there is a large evolutionary distance betweenbudding from cells, although it seemed to possess norm
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2001). Comparison of 10 lepidopteran baculovirus ge-
nomes revealed that 62 genes are common (Herniou et
al., 2001; Pang et al., 2001). BmNPV orf68 gene is one of
62 shared genes, suggesting that it plays an essential
role in viral replication. In this article, we provide evi-
dence that BmNPV orf68 encodes a novel BV-associated
protein. We also describe data indicating that ORF68
protein may be involved in secondary infection from
cell-to-cell.
RESULTS
Characterization of BmNPV orf68 expression in
BmNPV-infected cells
All lepidopteran baculoviruses that have been se-
quenced so far contain a single copy of orf68 homolog.
These include AcNPV (orf82), OpNPV (orf85), LdNPV
(orf90), SeNPV (orf78), Xestia c-nigrum granulovirus (GV)
(orf119), Plutella xylostella GV (orf85), Helicoverpa ar-
migera NPV (orf75), Cydia pomonella GV (orf102), and
Spodoptera litura NPV (orf78) (Ayres et al., 1994; Ahrens
et al., 1997; Kuzio et al., 1999; Ijkel et al., 1999; Hayakawa
et al., 1999; Hashimoto et al., 2000; Chen et al., 2001;
Luque et al., 2001; Pang et al., 2001). Sequence align-
ment showed that BmNPV orf68 is relatively well con-
served among baculoviruses (Fig. 1). The amino acid
sequence of BmNPV orf68 was 84% identical to that of
AcNPV orf82 and showed 27 to 37% identity to others. In
addition, it showed no significant similarity to any other
known protein from other organisms. Raynes et al. (1994)
reported that an antibody against the smooth muscle
protein telokin reacted AcNPV ORF82 but there was no
homology between them. Similarly, we could find no
significant similarity between BmNPV ORF68 and telokin
(data not shown).
To address whether and when BmNPV orf68 gene is
expressed, we analyzed orf68 at the transcriptional and
translational levels. Northern analysis detected a tran-
script of 750 nucleotides (nt) at 12 h p.i., which persisted
through 48 h p.i. (Fig. 2A). The nucleotide sequence of
the BmNPV genome revealed the presence of a late
gene motif (ATAAG) at 168 nt upstream of the ATG initi-
ation codon (data not shown), consistent with late gene
expression. The transcriptional initiation site was
mapped at the T of the ATAAG motif by primer extension
analysis (data not shown). The nucleotide sequence also
showed an ORF of 543 nt and a polyadenylation signal at
47 nt downstream of the stop codon. Therefore, it is very
likely that the 750-nt transcript contains only the orf68
gene.
To analyze ORF68 protein expression, a polyclonal
antiserum was raised against ORF68 protein expressed
in Escherichia coli. Western blot analysis showed that
the antibodies recognized a 23-kDa protein (Fig. 2B). The
immunoreactive band was clearly detected at 12 h p.i.
and the relative amount of protein increased through
48 h p.i. To confirm that this corresponds to ORF68, we
purified BmNPV ORF68 protein from wt BmNPV-infected
cells using an antibody affinity column. Amino acid se-
quence analysis confirmed the purified protein was BmNPV
ORF68 (data not shown). Taken together, we concluded that
BmNPV orf68 gene is expressed as a late gene.
Localization of ORF68 in BmNPV Infected BmN cells
To visualize the distribution of ORF68 during BmNPV
infection, BmNPV-infected cells were immunostained
with anti-ORF68 antiserum and scanned with a laser
confocal microscope. Since ORF68 protein was first de-
tected at 12 h p.i., we chose time points of 12, 15, 18, 21,
and 24 h p.i. for observation. As shown in Fig. 3, ORF68
was localized to the nucleus. Anti-ORF68 antibodies
stained the entire nucleus, but ORF68 seemed to be
concentrated near the nuclear envelope at 12 h p.i. The
level of perinuclear accumulation increased until 24 h p.i.
ORF68 seemed to be excluded from the virogenic stroma
which is believed as the site of viral DNA replication
(Fraser, 1986; Guarino et al., 1992).
Construction of orf68 deletion mutant and effect of
deletion on BV production
To determine the role of BmNPV orf68 gene during
viral growth in BmN cells, we constructed a plasmid with
the -galactosidase gene under the control of Drosophila
heat shock protein promoter inserted within orf68 gene
such that the gene was disrupted and a portion was
deleted. This plasmid DNA was cotransfected with BmNPV
DNA into BmN cells and recombinant virus was isolated
by identification of plaques expressing -galactosidase.
The disruption of orf68 gene was confirmed by PCR
and Southern hybridization (data not shown). In addition,
full-length or truncated versions of ORF68 protein were
not detected in BmN cells infected with orf68 deletion
mutant (BmD68) using anti-ORF68 antibodies (data not
shown).
We then examined the effect of orf68 deletion on BV
production. BmN cells were infected with BmD68 or with
wt virus, and yields of BV were determined by plaque
assay. BmD68 exhibited a retarded rate of BV production
in BmN cells throughout infection and especially be-
tween 12 and 24 h p.i. (Fig. 4). By 24 h p.i., BmD68
produced 7.8  106 PFU/ml, whereas wt produced 4.0 
107 PFU/ml. The final titer of BmD68 at 120 h p.i. was also
2.3-fold lower than that of wt (2.1  107 and 4.9  107
PFU/ml). These data suggest that deletion of orf68
caused a delay in BV production.
Infectivity of BmD68 in insect larvae
We next analyzed whether the orf68 deletion affected
the infectivity of BmNPV in B. mori larvae. To determine
the LD50 of mutant virus, 5th instar larvae were injected
hemocoelically with selected doses of BV and monitored
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for mortality (Table 1). No significant differences in LD50
were observed between wt BmNPV and BmD68, sug-
gesting that the infectivity of the budded form of BmD68
was normal in insects. Then, we assessed the 50% lethal
time (LT50) by injecting a mortal dose (5 10
4 PFU) into 5th
instar larvae and found that the LT50 of BmD68 was 70 h
longer than that of wild-type virus (Table 2). Furthermore,
4th instar larvae were orally infected with lethal dose (2 
107 PIBs/larva) to see whether LT50 was delayed in oral
infection. We used 4th instar larvae because B. mori larvae
at 5th instar show high resistance to oral infection. The LT50
of BmD68 in oral infection was also much longer than that
of wt BmNPV (Table 2). These results suggest that BmD68
does not have reduced infectivity, but it requires a longer
time to kill the host than wt BmNPV does.
Effect of BmD68 on viral DNA replication
The level of viral DNA synthesis during infection was
monitored by dot-blot analysis using BmNPV ie-1 DNA as
a probe. The viral DNA was clearly detected in cells
infected with wt and BmD68 at a multiplicity of infection
(m.o.i.) of 10, but the level was slightly lower in the
mutant-infected cells at 12 h p.i (Fig. 5, m.o.i.  10).
However, similar levels of DNA synthesis were observed
for wt and BmD68 by 24 h p.i. Therefore, we repeated
same experiment with different m.o.i.s. As shown in Fig.
5, infection with wt virus at an m.o.i. of 1 resulted in a
lower level of viral DNA at 12 h p.i., whereas infection
with BmD68 at an m.o.i. of 100 resulted in a higher level
of DNA accumulation at 12 h p.i. This suggests that the
timing of the onset of viral DNA replication was similar
for both viruses, although the rate of accumulation was
slower in BmD68-infected cells.
Immunodetection of ORF68 in virus particles
Since orf68 was expressed as a late gene and deletion
of orf68 caused a delay in BV production, we examined
whether ORF68 protein is associated with budded virus.
FIG. 2. Northern and Western analyses of orf68 gene product. (A) Northern blot analysis. Total RNA was extracted from BmN cells at mock, 2, 6,
12, 24, and 48 h p.i. (lanes 1 to 6). (B) Time course of ORF68 production. Extracts were prepared from 3 105 mock- or BmNPV-infected cells harvested
at the indicated times postinfection (lanes 1 to 6). The estimated sizes of detected bands are indicated with arrows. Size markers are indicated on
the left side of panels.
FIG. 3. Distribution of ORF68 in BmNPV-infected BmN cells. Top shows ORF68 immunofluorescence images and bottom shows differential interface
contrast images of the same fields as the top ones. BmN cells were mock-infected or infected with BmNPV for 12, 15, 18, 21, and 24 h and subjected
to immunohistochemistry. The scale bar is 10 m.
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Western blot analysis showed that ORF68 is a structural
protein of BV, but was not associated with ODV (Fig. 6).
Fractionation of virions revealed that ORF68 was present
in the envelope fraction, but not the capsid fraction, of BV.
We noticed that ORF68 in BV showed slower mobility
in SDS–PAGE than the recombinant protein expressed in
E. coli (rORF68; Fig. 6). ORF68 protein extracted from
wt-infected BmN cells had the same mobility as BV
ORF68 in SDS–PAGE (data not shown). The difference in
migration suggested that ORF68 may be subject to eu-
karyotic posttranslational modifications such as glyco-
sylation. Therefore, we treated infected cells with tunica-
mycin, which blocks N-linked glycosylation. However,
this treatment did not result in the accumulation of a
faster-moving form of ORF68 (data not shown), suggest-
ing that the difference in mobility is not due to N-linked
glycosylation. The investigation for other possibilities
such as O-linked glycosylation and phosphorylation is
currently underway.
BV production assays of Bm68
Since ORF68 protein is associated with BV, we next
examined whether the orf68 deletion affected virus at-
tachment ability. First, we confirmed that the difference
between the number of virus particles and the infectious
units of BmD68 is similar to that of wt by comparing BVs
(4  104 PFU) in SDS–PAGE and Western blotting assay
using anti-BV antiserum (data not shown). Then, we per-
formed a simple plaque assay by adsorbing approxi-
mately 100 PFU of virus to BmN cells for 10 or 60 min.
Interestingly, we obtained similar numbers of plaques
from wt or BmD68 infections at each absorption time
(Fig. 7A), suggesting that BmD68 possesses normal at-
tachment ability. However, the plaque size of BmD68 was
much smaller than that of wt BmNPV (Fig. 7B). Therefore,
we measured 30 independent plaques using a hemocy-
tometer and found that the plaque size of BmD68 was
four times smaller than that of wt BmNPV (497.7  63.4
and 121.3  36.0 m for wt and BmD68, respectively).
Next, we investigated whether BmD68 caused a delay
in virus budding from infected cells. To eliminate the
entry effect, we transfected BmN cells with virus DNA
and quantitated BV release into the medium by plaque
assay and real-time PCR. The plaque assay demon-
strated that BmN cells transfected with BmD68 DNA
released BV with a retarded rate, up to 100 times less
TABLE 1
Dose–Mortality of wt BmNPV and BmD68 in B. mori Larvae
Virus LD50 (PFU) SD
95% Fiducial limit
(PFU)
Lower Upper
wt 11.9 8.8 4.7 21.1
BmD68 16.8 8.1 7.5 23.7
TABLE 2
Time–Mortality of wt BmNPV and BmD68 in B. mori Larvae
Host and
virus Conc./larvae LT50 (h) SD
95% Fiducial
limit (h)
Lower Upper
5th instar 5 104 PFU
BmNPV 144.7 4.0 141.0 149.0
BmD68 214.5 5.0 208.5 220.5
4th instar 2 107 PIBs
BmNPV 161.0 5.6 155.0 166.0
BmD68 211.3 9.6 201.0 220.5
FIG. 5. Dot-blot analysis of wt and mutant viral DNA replication.
Infected cells were harvested at indicated times p.i. (shown on the
right). Dots on lane m represent purified BmNPV DNA (amounts are
shown on the left) used as a standard. BmN cells were infected with wt
at an m.o.i. of 1 and 10 or with BmD68 at an m.o.i. of 10 and 100 PFU
per cell.
FIG. 4. Growth curves of wt BmNPV and BmD68 in BmN cells. BmN
cells were infected with wt BmNPV (broken line with circles) or BmD68
(solid line with squares) at an m.o.i. of 10 PFU per cell. At 2, 6, 12, 14,
16, 18, 20, 22, 24, 36, 48, 60, 72, 84, 96, 108, and 120 h p.i., culture
medium was collected and subjected to plaque assay on BmN cells.
The results represent the average of three independent experiments,
and standard errors are indicated.
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virus than from wt BmNPV-transfected cells until 72 h
posttransfection (Fig. 8A). In addition, BV titers in BmD68-
transfected cells reached a plateau between 96 and
120 h posttransfection, which was 24 h later than for wt
BmNPV transfected cells (between 72 and 96 h). The
final titers of wt and BmD68 BVs were similar.
The level of newly budded virus was also quantified by
real-time PCR. To do this, a genomic region of 90 nt
(20,124 to 20,214 nt in BmNPV genome) was chosen for
amplification. As shown in Fig. 8B, the levels of absolute
intensity obtained from both wt and mutant BmNPVs
were barely above background level until 48 h posttrans-
fection. The levels of BV released from wt-transfected
cells increased from 72 h posttransfection, while BV level
from BmD68 transfected cells was still at background
levels. There was also a 24-h delay for BmD68 to reach
plateaus (96 h posttransfection and later time).
DISCUSSION
We have demonstrated that BmNPV orf68 gene was
expressed as a late gene and encoded a structural
protein of BV. Since BmD68 was successfully isolated in
BmN cells, the BmNPV orf68 gene could be considered
as a nonessential gene for virus replication. However,
BmD68 showed a retarded viral growth rate in BmN cells,
indicating a delay in BV production. Furthermore, the
larval bioassays demonstrated that BmD68 does not
reduce the infectivity but takes about two additional days
to kill the host as compared to wt.
Our analyses showed that viral DNA accumulated
more slowly in BmD68-infected cells. However, it is very
unlikely that BmNPV ORF68 is involved in DNA replica-
tion because BmNPV orf68 gene was expressed as a
late gene, and in general, DNA replication proteins are
delayed early genes. This is also supported by transient
replication assays for AcNPV, which found that the Ac-
NPV orf68 homolog (Ac82) was not an essential or stim-
ulatory factor for DNA replication (Kool et al., 1994a,b; Lu
and Miller, 1995). Therefore, we postulated that the de-
letion of orf68 might affect other step(s) of BV production,
such as virus attachment to the cell, virus entry, and/or
budding. Plaque assays showed that BmD68 possessed
normal attachment ability and that the plaque size of
BmD68 was four times smaller than that of wt, suggest-
ing that orf68 may be involved in cell-to-cell spread.
Dot-blot analyses at different m.o.i.s suggest that a
smaller fraction of the BmD68 inoculum could enter the
cells at 12 h p.i., because the DNA level at 12 h p.i. may
reflect the relative amount of virus that was able to enter
the nucleus and productively initiate replication by that
time. DNA transfection assays also suggested that
BmD68 reduces the efficiency in budding.
Homology search showed that BmNPV orf68 is highly
conserved among all lepidopteran baculoviruses, but
FIG. 6. Western analysis of virus particles of BmNPV and recombi-
nant ORF68 expressed in E. coli. BV and ODV were purified by sucrose-
gradient ultracentrifugation. BV (2 1011 PFU), ODV (1 1010 PIBs), and
separated envelope fraction (Env) and capsid fraction (Cap) of BV were
subjected to SDS–PAGE followed by Western blotting with anti-ORF68
antiserum. The estimated sizes of detected bands are indicated with
arrows. Size markers are indicated on the left side of panels.
FIG. 7. Analysis of attachment ability using plaque assay. (A) The number of plaques produced by wt and BmD68. 100 PFU of wt (open graph) or
BmD68 (solid graph) was adsorbed with BmN cells for 10 or 60 min and subjected to plaque assay. The results represent the average of 10
independent experiments, and standard errors are indicated. (B) Photographs of representative plaque produced by wt or BmD68. The scale bar is
100 m.
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showed no significant similarity to any other known pro-
tein from other organisms. The 10 baculoviruses that
have been completely sequenced so far each contain a
single copy of orf68 homolog (Ayres et al., 1994; Ahrens
et al., 1997; Kuzio et al., 1999; Ijkel et al., 1999; Hayakawa
et al., 1999; Hashimoto et al., 2000; Chen et al., 2001;
Luque et al., 2001; Pang et al., 2001). This suggests that
the orf68 gene family of baculovirus may play the same
role in the infection cycle of all lepidopteran baculovi-
ruses. We identified BmNPV ORF68 as a new structural
protein of BV. ORF68 fractionated with detergent soluble
proteins, indicating that is either an envelope protein or
a tegument protein localized to the region between the
envelope and the capsid. Baculoviruses contain enve-
lope proteins such as GP64 and/or Ld130 that play an
important role in attachment and budding from cells
(Hefferon et al., 1999; Oomens and Blissard, 1999; Pear-
son et al., 2000). It has also been reported that viral
envelope proteins such as GP64 and Ld130 accumulated
in the plasma membranes of infected cells (Blissard and
Rohrmann, 1989; Pearson et al., 2000). In contrast, ORF68
was shown to localize in the nucleus of infected cells,
suggesting that the function of orf68 gene is different
from the major envelope protein. To understand more
fully the function of ORF68, analyses of interacting pro-
teins and electron microscopy should be required.
MATERIALS AND METHODS
Cells and insects
The BmN-4 (BmN) cell line was maintained in TC-100
with 10% fetal bovine serum as described previously
(Maeda, 1989b). Rearing, preparation, and infection of
larvae of the silkworm B. mori were described previously
(Iwanaga et al., 2000). Routine methods for baculovirus
manipulations were as described by O’Reilly et al. (1992).
Virus preparation
The BmNPV T3 isolate (Maeda et al., 1985) and recom-
binant virus were propagated on BmN cells as described
(Maeda, 1995). Viral DNA used for generation of recom-
binant virus and dot-blot analysis was purified from Bm-
NPV T3 following a standard protocol (Maeda, 1989a). BV
or ODV was purified from harvested supernatants of
infected cells or hemolymph of infected larvae, respec-
tively, as described by O’Reilly et al. (1992). For analysis
of structural proteins, BVs or ODVs were isolated from
the stocks by pelleting through a 20% sucrose cushion
and then by centrifugation on a 25 to 60% sucrose gra-
dient (O’Reilly et al., 1992). After purification, BV was
incubated with 1% Nonidet-P40 and fractions containing
envelope or capsid were separated by centrifugation
(Guarino et al., 1995).
Northern analysis
BmN cells were infected with BmNPV at an m.o.i. of 10
and harvested at the designated times. Total RNA was
isolated from mock- or BmNPV-infected BmN cells using
Total RNA Isolation Kit (5–3). Northern analysis using 2
g total RNA was performed as described in Sambrook
et al. (1989). The orf68 gene was amplified by PCR as
described below and uniformly labeled with [-32P]dCTP
using Ready-To-Go DNA labeling kit (Amersham Phar-
macia Biotech).
Antibody production and immunodetection
The BmNPV orf68 gene was amplified by PCR using
an upstream primer (5-AAGTCGACCATGGCAAACACG-
3) incorporating a SalI site (underlined) and a down-
stream primer (5-AAACTAGTTTAATTTTGTTCAGC-3)
with a SpeI site (underlined). The amplified fragment was
digested with SalI and SpeI and then inserted into
FIG. 8. Analysis of budding activity of wt and mutant BmNPV. BmN cells were transfected with viral DNA of wt or BmD68; culture medium was
collected at designated times and used for plaque assay (A) and real time PCR (B). The results shown in (A) represent the average of three
independent experiments, and standard errors are indicated.
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pDBLeu (Gibco-BRL). This cloned PCR fragment was
fused with glutathione-S-transferase (GST) in pGEX-6P-2
vector (Amersham Pharmacia Biotech) using SalI and
NotI restriction sites. After expression of GST-fused
ORF68 in E. coli, recombinant ORF68 (rORF68) protein
was purified using glutathione-Sepharose beads after
cleavage of the GST tag using PreScission protease
(Amersham Pharmacia Biotech). Purified rORF68 was
then used to raise polyclonal antibodies in rabbits. West-
ern blotting, immunohistochemistry, and confocal mi-
croscopy were performed as described by Kang et al.
(1999) and Okano et al. (1999). Mature ORF68 protein
was purified from infected BmN cells using HiTrap NHS-
activated HT column (Amersham Pharmacia Biotech).
Protein sequencing was performed using ABI 473A pro-
tein sequencer (Applied Biosystems) as described
(Mikhailov et al., 1998). For immunohistochemistry, anti-
ORF68 antiserum (1:300 dilution) and fluorescein isothio-
cyanate (FITC)-conjugated goat anti-rabbit IgG (1:600 di-
lution; Cappel) were used.
Construction of orf68 deletion mutant
To construct a plasmid for deletion of orf68, a 3.2-kb
SacI–PstI fragment was purified from genomic clone
PstI–D (Maeda and Majima, 1990) and inserted into
pTZ19R (Pharmacia Biotech). Then, this plasmid was
digested with PstI (188th base of coding region) and
ligated with a -galactosidase gene cassette containing
a Drosophila melanogaster heat shock protein promoter
as described by Gomi et al. (1997). The resultant plasmid
was cotransfected with wt BmNPV DNA into BmN cells
using lipofectin (Gibco-BRL). Recombinant BmNPV was
isolated by identification of plaques expressing -galac-
tosidase as described (Gomi et al., 1997; Maeda, 1995).
The deletion of the orf68 gene was confirmed by PCR
using orf68-specific primers (see above), Southern hy-
bridization, and Western analysis.
Larval bioassays
The LD50 of BV was determined with 5th instar larvae
by hemocelic injection with different doses of BV diluted
in TC-100 medium. The LT50 was determined either by
hemocelic injection (5 104 PFU) into 5th instar larvae or
by feeding 4th instar larvae with 2  107 polyhedrin
inclusion bodies (PIBs). Thirty insects per dose were
tested.
Dot-blot analysis
BmN cells were infected with either wt BmNPV or
BmD68 at an m.o.i. of 1, 10, or 100. At designated times
p.i., cells were harvested and subjected to dot-blot anal-
ysis as described by Prikhod’ko et al. (1999). Probe DNA
was prepared by PCR using two primers (5-GGAATT-
CACGCAAATTAATTTTAACGCGTCGTAC-3, 5-CGTCGA-
CCCCTCGTCGATAATAAAAGA-3) for the ie-1 gene.
Hybridization was performed using ECL Direct System
(Amersham Pharmacia Biotech).
Assays for BV production
For the virus growth curves, BmN cells were infected
with either BmNPV T3 or BmD68 at an m.o.i. of 10. After
1 h of incubation, virus-containing medium was removed
and fresh medium was added after two times of wash
with phosphate-buffered saline (0 h postinfection). A
small amount of culture medium was harvested at the
designated times. BV production was determined by
plaque assay. For virus attachment assay, 100 PFU of
mutant or wt virus was added to separate 60-mm dishes.
After 10 or 60 min of absorption, culture medium was
removed and melted agar was added as described for
plaque assay.
For the budding assay, 2 g viral DNA of wt BmNPV or
BmD68 was transfected into BmN cells. After 4 h of
incubation, medium containing viral DNA was removed
and fresh TC-100 was added (0 h posttransfection). A
small amount of culture medium was harvested at the
designated times and used for plaque assay and real
time PCR. For real time PCR, 100 l culture medium was
boiled in the presence of 1% sodium dodecyl sulfate
(SDS) and 1 l was subjected to Quantitative PCR using
ABI Prism 7700 (Applied Biosystems) and PLATINUM
Quantitative PCR SUPERMIX-UDG (Gibco-BRL). Primers
and TaqMan probe for this experiment were synthesized
as follows: NPVTaqF (5-TGTGATCCGACCACGGTATG-
3), NPVTaqR (5-ATCAGCGACGCGCTCATT-3), NPV-
Taq-Probe (5-TCTTGCACGCGGCCTTCACGTA-3) at nt
20,124 to 20,143, at 20,197 to 20,214, and at 20,165 to
20,186 of BmNPV genome, respectively (Gomi et al.,
1999).
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